Abstract In Saccharomyces cerevisiae, the suggested functions of DNA polymerases (DNApol) have been based primarily on the characterization of the wild-type and mutant enzymes via in vitro studies. Here we describe a novel replication system to decipher the role of dierent DNA polymerases in in vivo DNA replication. Using this system, [a-32 P]dNTP is allowed to cross the membrane of permeabilized cells; then the nature of the radiolabeled products of DNA synthesis is analyzed by gel electrophoresis and densitometry. Results of such analyses show that these replication intermediates are synthesized in the range 50±1,300 bp, which are then rapidly elongated and then ligated into longer DNA chains, and that the in vivo synthesis of yeast DNA fragments is dependent essentially on DNApola and DNApold, but not necessarily on DNApole. Results presented here support the views that DNApole is dispensable for yeast DNA replication or that DNA pola and DNApold are epistatic to DNApole in yeast.
Introduction
DNA replication provides a mechanism for the accurate transmission of the genetic code to dividing cells. This process in eukaryotes requires the coordinated action of numerous multifunctional proteins in a manner that is tightly regulated throughout the cell cycle. The DNA polymerases are among the most important groups of proteins involved in the process of DNA replication (Kornberg and Baker 1992; Sugino 1995; Waga and Stillman 1998) . It seems that eukaryotic cells may possess up to 16 DNA polymerases that participate in DNA synthesis during DNA replication, repair and recombination (see Friedberg et al. 2000) . In Saccharomyces cerevisiae, at least three traditionally known nuclear DNA polymerases ± DNApola, DNApold, and DNApole (Budd et al. 1987; Morrison et al. 1989; Sitney et al. 1989; Araki et al. 1991; Linn 1991; Sugino 1995; Burgers 1998 ) and now DNApolj (Wang et al. 2000; Takahashi and Yanagida 2000) have been found to participate in nuclear DNA replication. Among other DNA polymerases, DNApolf and DNApolb are known to participate in DNA repair synthesis, and DNAc participates in the replication of mitochondrial DNA; in addition, other DNA polymerases in yeasts may exclusively participate during the repair synthesis of the damaged DNA (Sugino 1995; Johnson et al. 1999a, b; Budd and Campbell 2000) .
Studies of mammalian DNApola have implicated the role of this protein in the synthesis of Okazaki fragments on the lagging strand of DNA. Biochemical support for this proposal is based on the requirement for SV40 lagging strand synthesis in the presence of replication protein-A (RP-A) and T-antigen (Decker et al. 1986; Wold and Kelly 1988; Tsurimoto and Stillman 1989, 1991) . Yeast DNApola, like its mammalian counterpart, consists of four subunits with apparent molecular masses of 180, 86, 58, and 48 kDa (Singh and Dumas 1984; Lehman and Kaguni 1989) . The larger 180 kDa catalytic subunit is encoded by the yeast POLI gene and is essential for cell viability (Johnston and Williamson 1978; Lucchini et al. 1985; Pizzagalli et al. 1988) .
The yeast DNApold consists of at least three subunits, of these 125 kDa and 50 kDa subunits are very well known (Zuo et al. 1997; Waga and Stillman 1998; Hughes et al. 1999 ). The 125 kDa subunit is the catalytic subunit and contains both DNA polymerizing and 3¢±5¢ exonuclease activities, and is encoded by the POL3 gene. Disruption of this gene is lethal (Boulet et al. 1989) . DNApold has been implicated in leading strand synthesis. Its high processivity, its 3¢±5¢ proofreading exonuclease activity, and its requirements for chain elongation in SV40 replication have led to this suggestion (Lee et al. 1985; Perlich and Stillman 1988; Weinberg et al. 1990; Ishimi et al. 1991; Turchi and Bambara 1993) .
The third essential polymerase reported in S. cerevisiae and later identi®ed in higher eukaryotes is DNApole (Linn 1991; Chui and Linn 1995) . Yeast DNApole is composed of ®ve polypeptides with apparent molecular weights of 200, 80, 34, 31 , and 29 kDa. The large 200 kDa subunit is encoded by the POL2 gene which contains both DNA-polymerizing and 3¢±5¢ exonuclease activities. Several lines of evidence suggest its role in DNA replication (Morrison et al. 1990; Araki et al. 1991; Lee et al. 1991; Budd and Campbell 1993; Morrison and Sugino 1994) and in DNA repair Navas et al. 1995) . However, its role in DNA replication per se seems to be non-essential and dispensable (Kesti et al. 1999 ). Kesti and others have shown that the viability of yeast pole mutants can be rescued by a plasmid containing the C-terminus domain of the yeast pole but not by the plasmid containing the N-terminus of pole encoding DNA polymerase and exonuclease activities (Kesti et al. 1999 ). In addition, by the analysis of yeast mutants, Halas et al. (1999) have shown that DNA pola and DNA pold, but not DNA pole, play a major role during DNA synthesis accompanying the gene conversion in yeast cells.
There have been several attempts to understand the in vivo role of DNA polymerases in yeast (Johnston and Williamson 1978; Conrad and Newlon 1983; Budd et al. 1989; Budd and Campbell 1993) . These studies showed the general involvement of DNApola, d, and e in yeast DNA replication; however, no speci®c role for any of these polymerases could be established. Studies of DNA replication in other eukaryotes have largely been limited to the use of in vitro reconstitution assays where a role for DNApola in initiation and for DNApold in elongation have been reported (Waga and Stillman 1994) . It is of interest to point out that Zlotkin et al. (1996) were able to eliminate the role of DNApole in SV40 replication but not in the replication of cellular DNA. However, Zlotkin et al. (1996) concluded that the fact that DNApole was not required in SV40 replications does not necessarily negate the role of DNApole in replication of cellular DNA in vivo. For the ®rst time, we report here a replication system for S. cerevisiae that permits the study of DNA synthesis under less disruptive conditions that are more re¯ective of situations in vivo. This system can be used in conjunction with in vitro systems to facilitate the study of DNA replication. S. cerevisiae was selected for use in this in vivo study because of its well-understood genetics as well as the availability of mutants for each yeast DNA polymerase. Because the DNA polymerases are conserved throughout evolution, results obtained with these systems should be applicable to mammalian systems (Braithwaite and Ito 1993) , particularly in view of the fact that all homologs of yeast DNA polymerases have now been shown to exist in humans (Gibbs et al. 1998 ) and vice versa (Shimizu et al. 1993) .
The method described here is a modi®cation of previously reported systems (Anderson et al. 1977; Kuo et al. 1983; Lonn and Lonn 1983; Burhans et al. 1990; Singleton and Mishra 1995) . In our system, yeast cells are detergent-permeabilized to allow entry of a [
32 P]nucleotide. This labeled nucleotide is incorporated for a short period and the cells are then lysed in a weak alkaline solution. The isolated DNA containing radiolabeled newly synthesized fragments of various lengths from the many origins of replication within the genome are analyzed by gel electrophoresis to determine their sizes.
Materials and methods

Strains
The wild-type and mutant strains of yeast are described in Table 1 . S. cerevisiae strains A364a, CDC17±1, and CDC2±1 were obtained from the Yeast Stock Center (University of California, Berkeley); YHA301 and YHA302 were provided by Dr H. Araki (University of Osaka, Japan).
Chemicals a
32 P]-labeled dNTP or UTP (speci®c activity 3000 Ci/mmol) were obtained from NEN (Riverside, Calif.). All reagent-grade chemicals were obtained from Sigma Biochemicals (St Louis, Mo.). Aphidicolin an inhibitor of eukaryotic alpha-family DNA polymerases was obtained from the Drug Synthesis Branch of the National Cancer Institute. The DNA ladders for size markers were purchased from GIBCO-BRL (Gaithersburg, Md.).
Sphaeroplast generation and cell permeabilization
Growing yeast cells were treated with lyticase (200 units/ml) to generate sphaeroplasts which were maintained in osmotically balanced media and were permeabilized using lysolecithin (40 lg/ml) or Brij 58 (1%) (Miller et al. 1978) in order to facilitate the entry of radiolabeled nucleotides and aphidicolin.
Radiolabeling DNA in S. cerevisiae
In previous work, mammalian cells were usually exposed to tritiated thymidine in order to study newly synthesized DNA (Lonn and Lonn 1983) . After short pulses, the cells were lysed under alkaline conditions and the newly synthesized DNA was gel-separated and analyzed by scintillation counting. However, S. cerevisiae does not encode the thymidine kinase required to convert thymidine into dTTP. [ 32 P]labeled nucleotides are used, which oer additional advantages such as shorter pulse times and autoradiographical visualization of the newly synthesized DNA.
Logarithmically growing yeast cells were treated with 20 units/ ml of lyticase in 1.2 M sorbitol, 50 mM phosphate buer, pH 7.5, for 15 min at 30°C to remove the outer cell wall. Yeast sphaeroplasts obtained after digestion with lyticase were preincubated in 1.2 M sorbitol, 2% peptone, 40 lg/ml lysolecithin, with the appropriate replication inhibitor aphidicolin, for 30 min at 30°C. Following incubation with the replication inhibitor, sphaeroplasts were treated for 5 min with [a-32 P]dNTP (speci®c activity 3000 Ci/ mmol) to allow incorporation of label into newly synthesized DNA. Yeast cells were incubated with radioactive dNTP for a very brief period up to 30 min since we found out that longer exposure (60 min or more) led to labeling of DNA fragments of all sizes.
Analysis of DNA replication intermediates in S. cerevisiae
Yeast cells containing [ 32 P]dNTP-labeled DNA were washed three times in 1.2 M sorbitol. The cells were then pelleted and lysed in 0.03 M NaOH for 30 min at 4°C (Lonn and Lonn 1983) . The stability of primer in the DNA was not aected by this mild alkaline treatment as used in this study; prolonged (20 h at 37°C) alkaline treatments, ten times higher than that used here, have been employed to degrade DNA (Anderson et al. 1977) . The suspension containing single-stranded DNA was neutralized in 0.067 M HCl, 0.02 M NaH 2 PO 4 , 0.5% SDS, for 1 h at 4°C. Equal volumes of DNA were then electrophoresed in 1% TBE agarose gel for size separation. The gel was then placed on N-Hybond, vacuum-dried, and exposed to X-ray ®lm (Kodak X-Omat AR or BIOMAX MR). The autoradiographs were quantitatively analyzed using a densitometer. The length of a DNA replication intermediate was estimated in relation to the mobility of a DNA ladder (GIBCO-BRL) in a gel upon electrophoresis.
Results
Transient nature of DNA replication intermediates and their size
A major characteristic of DNA replication intermediates is their transient nature (Johnston and Williamson 1978; Nethanel et al. 1988; Burhans et al. 1990; Nethanel and Kaufmann 1990) . Over time, these fragments are ligated into higher molecular weight forms that are not susceptible to alkaline separation. Pulse-chase experiments were employed to con®rm that these fragments are indeed transient. The yeast strain A364a were pulsed for 5 min with [ 32 P]TTP (Fig. 1A, lane 1) and then chased for 15 min in the presence of 20 mM TTP (Fig. 1A, lane 2) . A densitometric scan (Fig. 1B, top) showed the maximal incorporation of radioactivity in the sizes 50±500 bp. Following the chase, the label in this region was greatly reduced and appeared in higher molecular weight forms (data not shown). Chases of 30 min resulted in the loss of all lower sized radiolabeled intermediates.
Both DNApola and DNApold are required for synthesis of these low molecular weight fragments To determine the degree to which these fragments are the products of DNApola, DNApold, or DNApole, several temperature-sensitive mutants were examined. One mutant studied, CDC17±1, is reported to be defective for DNApola activity. Budd and Campbell (1993) have shown that this mutant fails to complete replication of its genome at the nonpermissive temperature of 37°C. This mutant phenotype results from a single amino acid change from glycine 904 to aspartate within region III of DNApola (Lucchini et al. 1990 ). In our in vivo replication system, this mutant CDC17±1 was expected to exhibit reduced synthesis of intermediates in the range 50±150 bp, characteristic of Okazaki fragments generated by DNApola (Burhans et al. 1990 ). We found that both wild-type A364a and DNApola mutant CDC17±1 yeast cells synthesized DNA fragments in the range 50±500 bp at 25°C, whereas incubation at 37°C resulted in a drastic reduction in synthesis of all replication intermediates in the mutant strain (Fig. 2) . These results were more severe than expected in view of the earlier ®ndings but the nature of our experiment was to provide the role of these DNA polymerases at or near the replication fork by examining nascent or smaller DNA replication intermediates, we therefore used an incubation period of 30 min or less, the prolonged incubation of mutant cells with radioactive dNTPs (at nonpermissive temperature) which showed the presence of radioactivity in high molecular size DNA fragments was avoided. The results of our experiments as presented here do show that DNApola has a central role in DNA replication, and that the loss of its activity cannot be compensated by either DNApold or DNApole. DNA synthesis in the DNApola mutant by the two remaining active polymerases (DNApold and DNApole) appears to be adversely in¯uenced, since overall DNA synthesis is greatly curtailed. This supports the suggestion that loss of DNApola activity may have an epistatic eect on the activities of DNApold and DNApole. It has been further suggested that DNA replication occurs as a megacomplex that moves along the DNA template in a highly coordinated manner (Waga and Stillman 1994) . The results of our experiments with yeast DNA polymerase mutants support the view that loss of activity by any one of these polymerases could result in overall replication impairment. It is also plausible that in mutants defective for DNApola Okazaki fragments are not synthesized ± therefore, DNApold and/or DNApole, which act later, have nothing to elongate. Thus, these enzymes act sequentially and a defective DNApola has an epistatic eect over the activity of DNApold or DNApole, leading to failure of DNA synthesis.
Another mutant strain of yeast examined in this in vivo system was CDC2±1, which has a temperaturesensitive phenotype for DNApold activity. Like CDC17±1, CDC2±1 fails to complete the replication of its genome at the nonpermissive temperature of 37°C (Budd and Campbell 1993) . At the permissive temperature (25°C), both wild-type and mutant CDC2±1 synthesized fragments from approximately 50 bp to 500 bp. However, at 37°C, the mutant failed to synthesize the lowest molecular weight fragments and appeared to accumulate DNA intermediates around 500 bp (Fig. 3) . Additionally, even though the mutant was defective only for DNApold, new synthesis by the other two DNA polymerases was not observed at 37°C. Clearly, neither DNApola nor DNApole can substitute for DNApold to continue synthesis of these DNA intermediates.
The ®nal mutant strains of yeast tested, YHA301 (Pol2±18) and YHA302 (Pol2±9), were temperaturesensitive for DNApole activity. YHA301 contains a single amino acid change, pro710 to ser710, within the 200 kDa catalytic subunit of DNApole; YHA302 contains an amino acid change: met643 to ile643. The changed residues lie within region II of the conserved amino acid sequence reported for members of the a-family (Araki et al. 1991; Navas et al. 1995) .
In our in vivo system, the yeast DNApole mutant, YHA301and YHA302 (Fig. 4) synthesized DNA fragments at the nonpermissive temperature of 37°C. Densitometric scans (Fig. 5) indicated that the levels of DNA synthesis at 25°C and 37°C were comparable to 1 and 2) or 37°C (lanes 3 and 4) those of wild-type A364a at 25°C and 37°C. These results suggested that synthesis of these intermediates was not aected by loss of DNApole activity, thereby implying that DNApole is not involved in the synthesis of those intermediates that were analyzed here. It is important to mention that despite some variations in the intensity of autoradiographs from one set of experiment to another as seen in Figs. 2±4, our major conclusions regarding the role of these DNA polymerases are based on the observation that DNApola and DNApold mutants showed substantial reduction in DNA synthesis at the non permissive temperature as seen in Figs. 2 and  3 ; whereas the DNApole mutant instead of an assumed reduction in the DNA synthesis at the nonpermissive temperature showed DNA synthesis comparable to (or more than) that by the wild-type cells as shown in Fig. 4 ; the DNApole mutant, for some reason not obvious to us, always showed somewhat more DNA synthesis than the wild-type cells at both permissive or nonpermissive temperatures. Thus our conclusions were inferred from the observations that yeast mutants defective either for DNApola or DNApold showed severe reduction in the amount of DNA synthesized whereas the DNApole mutant showed no such reduction; but on the contrary showed DNA synthesis comparable to or even somewhat more than wild-type cells at higher temperature.
Aphidicolin aects DNA synthesis in S. cerevisiae Aphidicolin (Aph) is a reported in vitro inhibitor of DNApola, DNApold, and DNApole. According to Copeland et al. (1993) , this drug binds to the DNApola complex, thereby blocking incoming dNTP-metal complexes. The mechanism by which this drug inhibits DNApold and DNApole is currently unclear. Using our in vivo system, this drug was examined in S. cerevisiae. Yeast strain A364a was treated with 400 lg/ml Aph and [a-32 P]dCTP for 5 min. Analysis of the intermediates indicated a general reduction in overall synthesis in the presence of the drug relative to the control, including a reduced synthesis of the smallest intermediates (Fig. 6) . Our ®nding that the overall DNA synthesis is reduced in the presence of aphidicolin in the wild-type (Aph S ) cells of yeast is consistent with the idea that aphidicolin strongly inhibits DNA polymerases of the a family in eukaryotic cells . It is of interest to mention that unlike the mammalian cells, which are very sensitive to aphidicolin (as low as 0.1 lg/ml), the yeast cells like most fungal cells are inhibited by aphidicolin at a very high drug level of 300±400 lg/ml (Mishra et al. 1990 ), this might be to ensure the survival of fungal cells that may encounter this antibiotic produced by other fungi in the natural habitat.
Discussion
This study was undertaken to provide a replication system for S. cerevisiae that could be used to study DNA synthesis with minimal disruption of the replication apparatus. The replication system described here is novel in that it provides a method to study the nature of replication intermediates in vivo and the eects of inhibitors on newly synthesized DNA chains. In our in vivo system, replication intermediates typically ranged in size from 50 to 1300 bp. The fact that the newly synthesized DNA fragments are transient in nature suggests that they are indeed DNA replication intermediates. We also showed that the synthesis of these intermediates requires the activity of both DNApola and DNApold.
Using yeast DNA polymerase mutants, several attempts were made to analyze the chromosome size DNA in alkaline sucrose gradients (Johnston and Williamson 1978; Conrad and Newlon 1983; Budd and Campbell 1993) . These previous results showed that all the mutants were defective for chromosomal replication, even though they were able to synthesize DNA fragments without any impairment at the non-permissive temperature. Thus, the results of previous studies suggest that all the DNA polymerases are involved in replication, but no speci®c roles for any of these polymerases could be assigned (Conrad and Newlon 1983; Budd and Campbell 1993) . Lucchini et al. (1990) reported that switching cultures of DNApola mutant (CDC17±1) to the nonpermissive temperature (37°C) resulted in immediate cessation of DNA synthesis. In our in vivo system, overall DNA synthesis did not cease but was greatly curtailed at 37°C. The DNApola mutant CDC17±1 showed reduced synthesis of intermediates of low molecular weights, consistent with the idea that these are Okazaki fragments. Furthermore, it synthesized fragments of approximately 500 bp, possibly due to DNApold activity. Likewise, the DNApold mutant CDC2±1 showed reduced synthesis of low molecular weight fragments, and it synthesized chains of approximately 500 bp. In both cases, the loss of either DNApola or DNApold activity prevented synthesis of the DNA replication intermediates, con®rming that loss of activity by one of these polymerases cannot be compensated by the remaining active ones.
The use of DNApole mutants in this study indicated that DNApole activity is not critical for synthesis of these DNA intermediates of low molecular weights as analyzed here. These data suggest that while DNApold can substitute for DNApole in mutants defective for DNApole; DNApole cannot compensate for a defective DNA pold. Thus the results of our experiments clearly de®ne and delineate the function of DNApold and DNApole in DNA replication; which is consistent with the idea that DNApole is required for replication of dierent chromosomal parts, not known at this time (Linn 1991; Sugino 1995) . Furthermore, the results of our experiments are consistent with the ®ndings of Halas and coworkers (Halas et al. 1999) ; showing a major role of DNApola and DNApold but not that of DNApole in the DNA synthesis during gene conversion in these yeast mutants. The major conclusion of our studies, as presented here, that DNApole is not essential for yeast DNA replication is also consistent with the ®nding of Kesti et al. (1999) ; these authors, using Pol 2 mutants defective in the N-terminus or C-terminus part of the pole, have established that the N-terminus portion containing the DNApol and Exo activities are not required for the viability of yeast whereas the C-terminal part of the pole is required for the viability of yeast cells (Kesti et al. 1999) .
However it is possible that in some replicons under certain physiological conditions, DNApole exclusively (or sequentially after the action of DNApold) may carry out the elongation of DNA chains. This seems plausible in view of the facts that DNApole responds to PCNA (the processivity factor) and to cell cycle checkpoints (Navas et al. 1995; Tsurimoto 1998) and that DNA pole and DNA pold were found to correct HAP-induced replication errors on the opposite DNA strands of yeast (Shcherbakova and Pavlov 1996) . Except for this possibility implying the role of DNA pole, which could not be examined by our experiments, the results of our studies provide evidence in support of a model of DNA replication involving major roles only for DNApol a and pold (Tsurimoto and Stillman 1989, 1991; Waga and Stillman 1994) .Thus based on data presented here it is concluded that DNA pole does not have an essential role in DNA replication in yeast cells.
